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ABSTRACT
This paper investigates the recent stellar merger transient M31LRN 2015 in the Andromeda galaxy. We analyze
published optical photometry and spectroscopy along with a Hubble Space Telescope detection of the color and
magnitude of the pre-outburst source. The transient outburst is consistent with dynamically driven ejecta at the
onset of a common envelope episode, which eventually leads to the complete merger of a binary system. The
light curve appears to contain two components: first ∼ 10−2M of fast ejecta driven by shocks at the onset
of common envelope, and later, ∼ 0.3M of further ejecta as the secondary becomes more deeply engulfed
within the primary. Just prior to merger, we find that the primary star is a 3−5.5M sub-giant branch primary
star with radius of 30− 40R. Its position in the color-magnitude diagram shows that it is growing in radius,
consistent with a picture where it engulfs its companion. By matching the properties of the primary star to the
transient outburst, we show that the optical transient lasts less than ten orbits of the original binary, which had a
pre-merger period of∼ 10 days. We consider the possible orbital dynamics leading up to the merger, and argue
that if the system merged due to the Darwin tidal instability it implies a lower mass main sequence companion
of 0.1 − 0.6M. This analysis represents a promising step toward a more detailed understanding of flows in
common envelope episodes through direct observational constraints.
1. INTRODUCTION
Many stars, especially those more massive than the sun,
live in binary or multiple systems (Duchêne & Kraus 2013;
Moe & Di Stefano 2016). As stars evolve off the main se-
quence and their radii grow significantly, binary systems that
were non-interacting can evolve into contact. Among triple
and higher-order multiple systems, secular interactions can
drive pairs of objects into eccentric orbits that lead to their
direct impact (e.g. Kozai 1962; Thompson 2011). Through
these interaction channels, stellar multiplicity plays a key
role in shaping the evolution of stellar populations (e.g. Sana
et al. 2012; de Mink et al. 2013).
The outcome of a stellar interaction is shaped by the or-
bital dynamics, relative masses and evolutionary states of
the component stars. Tidally synchronized close binaries
which come into contact on the main sequence can form
peanut-shaped, yet stable, overcontact systems known as W
UMa stars (e.g. Shu et al. 1976; Webbink 1976; Robertson &
Eggleton 1977; Rasio 1995). Other interacting pairs, espe-
cially those with a more-massive evolved-star donor, become
unstable at or before the onset of mass transfer. This insta-
bility can arise from runaway mass exchange (when a star
expands more quickly than its Roche lobe on losing mass) or
from destabilizing angular momentum exchange between the
objects in the binary system (as in the Darwin (1879) tidal in-
stability). In either of these cases the component objects are
driven toward merger.
The runaway merger of two stars leads to either a rem-
nant composed of the bulk of the mass of the pair, or to the
formation of a new, tighter binary. In the case of a rem-
nant binary, the new pair formed by the secondary star along
with the core of the primary must have injected enough en-
ergy into the gaseous common envelope donated by the pri-
mary star to clear its surroundings and stabilize as a sys-
tem transformed by a phase of orbital inspiral (Paczynski
1976; Meyer & Meyer-Hofmeister 1979; Iben & Livio 1993;
Taam & Sandquist 2000; Taam & Ricker 2010; Ivanova et al.
2013b). These phases of orbital transformation are key in
shaping populations of compact binaries which interact or
merge (Kalogera et al. 2007; Postnov & Yungelson 2014) –
producing some of the most dramatic electromagnetic and
gravitational transients when they do (Abbott et al. 2016).
Yet the hydrodynamics, overall efficiency, and division of
systems that merge and those that eject their envelopes fol-
lowing these phases of unstable binary interaction remain
poorly-understood subjects of intense scrutiny (Ivanova et al.
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In order to improve our understanding of common en-
velope episodes, we can rely on before-and-after compar-
isons of stellar populations or attempt to catch common enve-
lope events and stellar mergers in action (e.g. Ivanova et al.
2013a,b). The onset of common envelope episodes and bi-
nary mergers proceeds similarly – particularly if the system
is composed of one evolved star and a more compact com-
panion. A distinction arises later, following a phase of or-
bital inspiral, when the bulk of the envelope material either is
(or is not) driven off (e.g. Iben & Livio 1993; De Marco et al.
2011; Ricker & Taam 2008, 2012). At the onset of interaction
between two stars, a small portion of mass will be ejected,
powering an optical or infrared transient as it expands and
becomes transparent (Soker & Tylenda 2006; Metzger et al.
2012; Ivanova et al. 2013a). The detection and detailed study
of this category of stellar merger and common envelope tran-
sient therefore offers direct constraints on the conditions and
flow properties at the onset of this highly uncertain phase of
binary evolution.
An emergent class of transients – luminous red novae
(LRN) – have come to be associated with stellar mergers
through detailed study of a few key events. M31 RV was
one of the first red transients to be identified, in 1988, but its
lightcurve is only captured during the decline (Mould et al.
1990; Bryan & Royer 1992; Boschi & Munari 2004; Bond &
Siegel 2006; Bond 2011). A galactic transient, V838 Mon,
illuminated its surroundings with a spectacular light echo im-
aged by the Hubble Space Telescope (HST) from 2002-2008
following its outburst (Bond et al. 2002; Munari et al. 2002;
Kimeswenger et al. 2002; Bond et al. 2003; Munari et al.
2005; Sparks et al. 2008; Antonini et al. 2010; Chesneau et al.
2014; Millour et al. 2014). The object V1309 Sco, another
galactic transient, proved critical in establishing the origins
of this class of events (Mason et al. 2010; Nicholls et al.
2013). A multi-year time series of photometric data taken
by OGLE (Rucinski 1998; Udalski et al. 2008) revealed an
eclipsing binary with decreasing orbital period prior to the
outburst (Tylenda et al. 2011; Ste¸pien´ 2011). Following the
event, a single object remained (Tylenda et al. 2011; Nicholls
et al. 2013; Kamin´ski et al. 2015).
Other recently-discovered transients populate a similar (or
slightly longer duration and more luminous) phase space in
a luminosity-timescale diagram (Kasliwal 2012). These in-
clude objects like NGC 300-OT (Bond et al. 2009; Berger
et al. 2009), PTF 10fqs (Kasliwal et al. 2011), M85-OT
(Kulkarni et al. 2007; Rau et al. 2007; Ofek et al. 2008), and
supernova 2008S (Smith et al. 2009), and are generally cat-
egorized as intermediate-luminosity optical transients with a
massive star-outburst (rather than binary) origin (e.g. Thomp-
son et al. 2009; Kochanek 2011; Smith et al. 2016).
This paper focuses on a new, and particularly remark-
able, addition to the category of stellar merger transients:
M31LRN 2015. Discovered in January 2015 by the MAS-
TER network1, the transient resides in the Andromeda
galaxy. It was discovered about 8 days prior to peak bright-
ness, and both Williams et al. (2015) and Kurtenkov et al.
(2015) have published multicolor photometry of the outburst
light curve along with spectra. What makes this event partic-
ularly useful is the existence of multiband pre-outburst imag-
ing of the source in the years prior to the transient (Dong et al.
2015; Williams et al. 2015). Since the association with M31
(and thus the distance) is known, the pre-outburst color and
magnitude allow us to compare the physical properties of the
primary star in the presumed binary system to the merger-
driven outburst it produces. Uncertainties in the progenitor
mass and color – in the case of V838 Mon (Munari et al.
2005; Tylenda et al. 2005) – or in it’s distance – in the case
of V1309 Sco (Tylenda et al. 2011) – have hindered such
an analysis of previous well-studied transients. Our analy-
sis of this transient is complimented by a concurrent study
of another extragalactic transient presumed to be driven by a
stellar merger in M101 (Blagorodnova et al. 2016).
Our analysis of this source proceeds as follows. In Sec-
tion 2, we focus on the transient outburst, and estimate some
physical properties of the ejecta from the photometric and
spectroscopic data published by Williams et al. (2015) and
Kurtenkov et al. (2015). In Section 3, we consider the pre-
outburst detection by HST, and compare to stellar tracks to
assess the primary-star’s mass, radius, and internal struc-
ture from its position in the color-magnitude diagram. In
Section 4, we consider the properties of the transient that
emerge when we consider both the outburst and the pre-
merger source together, and propose a model for interpreting
the data. Section 5 extends our discussion to consider the
pathways that a binary may take to the onset of a common
envelope phase. In the context of these arguments, Section 6
proposes that M31 LRN 2015 might have originated from a
Darwin-unstable pair of stars, and studies the implications of
this proposal. In Section 7, we discuss M31LRN 2015 in the
context of other similar transients and conclude.
2. OUTBURST
2.1. Summary of Observations
M31LRN 2015 (MASTER OT J004207.99+405501.1)
was discovered in January 2015 (Williams et al. 2015), and
both Williams et al. (2015) and Kurtenkov et al. (2015)
have since published photometry and spectroscopy of the
outburst. The source is located in M31 (Williams et al.
2015). While the distance is therefore well known, the red-
dening to the source has been estimated at E(B−V ) = 0.12±
0.06 mag (Williams et al. 2015) or E(B−V ) = 0.35±0.1 mag
(Kurtenkov et al. 2015) and thus remains a source of uncer-
tainty. In Figure 1, we show the outburst absolute light curve
1 http://observ.pereplet.ru/
310 0 10 20 30 40 50 60 70
JD - 2457044.189 [days]
10
9
8
7
6
5
Ab
so
lu
te 
M
ag
ni
tu
de
B
V
R
I
Figure 1. Absolute light curve of the optical outburst of M31LRN
2015. Data from Williams et al. (2015) (open points) and Kurtenkov
et al. (2015) (closed points). This figure is constructed assuming
E(B −V ) = 0.15 mag and error bars show measurement and dis-
tance errors while ignoring reddening error. The similarity of this
lightcurve to other LRN transients like V838 Mon marked M31LRN
2015 as a stellar merger.
using photometric data from both Williams et al. (2015) and
Kurtenkov et al. (2015) under the assumption of E(B−V ) =
0.15 mag. The transient peaks at MV ≈ −9.5, and reddens
progressively during its decline. The elapsed time from dis-
covery to peak is approximately 8 d, and the optically-bright
portion of the light curve persists for ∼ 50 d more.
These photometric data have been supplemented by spec-
troscopic observations reported both by Williams et al.
(2015) and Kurtenkov et al. (2015). Williams et al. (2015)’s
data has a spectral resolution of 18 Å, or R≈ 360 at 6500 Å
(821 km s−1). A spectrum taken 3.2 days after the dis-
covery of the transient and 4.7 days prior to peak shows a
strong Hα emission feature with an uncorrected FWHM of
900±100 km s−1 (Williams et al. 2015). When corrected to
instrumental resolution (by subtracting the instrumental res-
olution in quadrature) this suggests an intrinsic FWHM that
may be associated with the expanding ejecta of
vej = 370±240 km s−1. (1)
Over time, the Hα emission fades and Na I D and Ba II ab-
sorption features appear. Kurtenkov et al. (2015) also report
Hα emission in early spectra, but they do not report an emis-
sion line FWHM. In an R = 1000 spectrum covering 4000-
5000 Å taken 6 days before peak, Kurtenkov et al. (2015)
report a host of absorption lines and a similarity to a stellar
F5I spectrum.
2.2. Modeled Properties
In this section we use the photometry from Williams et al.
(2015) and Kurtenkov et al. (2015) shown in Figure 1 to de-
rive some physical properties of the transient outburst under
the assumptions that the ejection of mass in a stellar merger
powers the transient and of a blackbody spectral energy dis-
tribution.
Because of the uncertain source reddening, we apply cor-
rections for E(B −V ) between 0.05 mag and 0.45 mag (in
increments of 0.1 mag), spanning the full range of estimates
by Williams et al. (2015) and Kurtenkov et al. (2015). Figure
2 shows different values of the reddening to the source as dif-
ferent line colors. We plot the data points (in black) only for
one value of the reddening, E(B−V ) = 0.15 mag. The plotted
error bars represent the propagation of photometric measure-
ment errors with the assumption of no reddening uncertainty.
We use the B − R color (upper left panel) to estimate the
effective temperature assuming that the spectral energy dis-
tribution is a blackbody (upper right panel). With the effec-
tive temperature, we derive the R-band bolometric correction,
and apply that to find Mbol and Lbol (lower left panel). Fi-
nally, assuming Lbol = 4piR2bbσbT
4
eff, we derive the radius of
the blackbody photosphere (lower right panel) . The effec-
tive temperature starts around 6000 K at the time of the first
observations, and peaks near the time of maximum bright-
ness of the transient, with maximum temperatures of∼ 104 K
(dependent on reddening). Over the following ∼ 40 d, the
transient’s photosphere becomes cooler, with inferred tem-
peratures falling to the 3000-4000 K range.
During the time mapped by the observations, the inferred
photosphere radius, Rbb, first expands, then recedes. Near the
time of peak the photosphere radius is approximately 2 AU.
It reaches a maximum of approximately 10 AU about 35 d
after the lightcurve peak. The velocity of this expansion and
the maximum photosphere radius reached are a weak func-
tion of the assumed reddening. Lines of constant expansion
velocity are shown in the background of Figure 2, and the
typical expansion velocity is ∼ 400 km s−1.
The transient’s bolometric light curve exhibits a two-part
structure consisting of an early rise to peak and subsequent
decay (times of approximately -10 to +10 days relative to
the peak time in Figure 2) followed by a longer plateau of
approximately constant bolometric luminosity. On the ba-
sis of this observation, we will refer to two portions of the
lightcurve as the peak (times of ±10 d relative to peak at JD
2457044.189) and plateau (times of 10 to 50 d after peak).2
Figure 3 explores the radiated energy during the outburst.
The upper panel shows the cumulative radiated energy. This
rises steeply in the peak portion of the lightcurve, and more
shallowly after peak. The relative slopes are determined by
the reddening. When the reddening is high, the peak is most
accentuated, as is also the case in the lower-left panel of Fig-
ure 2. The relative contributions of the peak and plateau
to the total integrated radiated energy (∼ 1046 erg) are also
2 We note that the late time fade in optically-inferred bolometric luminos-
ity might not reflect the full energetics if there is a significant dust reprocess-
ing peak in the spectral energy distribution, as was observed at late times in
V1309 Sco by Tylenda & Kamin´ski (2016) and in NGC 4490 OT by Smith
et al. (2016).
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Figure 2. Photometric properties of the outburst modeled as blackbody emission. Overset lines in each panel represent different assumed
reddening, E(B−V ). Points and error bars are plotted for E(B−V ) = 0.15 mag with the assumption of no error in the reddening vector itself.
The transient first becomes bluer with peak temperature of 104 K at the time of lightcurve peak, then progressively redder. The bolometric
lightcurve shows two components 1) a rapid rise to peak lasting ∼ 8 d, followed by a brief fading of similar duration and 2) a longer lived
plateau extending from 10 to 50 d after the time of peak. During this time the photosphere radius increases from ∼ 2 AU around peak to a
maximum of ∼ 10 AU approximately 35 d after peak before beginning to recede. In the background of this panel we mark lines of constant
expansion velocity of 100-500 km s−1.
shown in Figure 3. The plateau always dominates the energy
release, with the peak contributing 30-50% of the radiated
energy, or an energy of 2−4×1045 erg.
2.3. Estimates of Ejecta Mass and Outburst Energetics
Although the properties of the merger-driven outflow are
likely to be complex, we can still draw some important con-
clusions from the physical properties inferred from the light
curve, especially when paired with the spectroscopic data. In
this section we divide our focus based on the two key phases
of the bolometric light curve as visible in the lower left panel
of Figure 2: the peak (±10 d) and the plateau (10-50 d).
To begin, we estimate the minimum mass needed to pro-
duce an opaque shell at the observed blackbody radius Rbb
by assuming that the obscuring mass is spread over a sphere
of radius Rbb with constant density, ρ. We then estimate
the gas mass ∆mobsc needed to produce an optical depth,
τ = ρκRbb =∆mobscκ/(4/3piR2bb), of order unity,
∆mobsc ≈ 1.4×10−6M
(
Rbb
AU
)2(
κ
0.34 cm2 g−1
)−1
, (2)
where we take a fiducial opacity based on electron scatter-
ing in ionized solar-composition material. We note that if the
material is only partially ionized, the opacity could be lower
by up to several orders of magnitude. This estimate nonethe-
less shows that even a tiny ejecta mass can be responsible for
the growth in the emitting surface.
2.3.1. Early Peak
Here we focus on the early portion of the light curve in
order to derive some additional constraints. The minimum
obscuring mass (estimated above) is sufficient to explain
the growth of Rbb. But it cannot explain the rise and fall
timescales of the light curve, which require that heat does
not diffuse out of the expanding gas instantaneously. When
the photon mean free path is of order the size of the object,
the heat diffusion time is of order the light crossing time –
just 8 minutes for 1 AU.
Instead, we use the behavior of an expanding shell of
gaseous ejecta with diffusion but no other heating or cooling,
following Padmanabhan (2001, chapter 4.8). In this model,
the gas is heated to the virial temperature during its interac-
tion with the secondary. It expands, becomes more transpar-
ent, and this heat diffuses toward the photosphere, generating
a shift to higher luminosity and effective temperature. Hα
emission lines during this phase indicate that a recombination
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Figure 3. The radiated bolometric energy inferred from the optical
light curve of M31LRN 2015. The upper panel shows the cumula-
tive radiated energy throughout the outburst for the same reddening
assumptions as in Figure 2. The lower panel plots the integral quan-
tities as a function of reddening to the source. The contributions
from the peak and plateau sub-components are computed from the
±10 d and the 10-50 d portions of the light curve shown in Figure
2. The radiated energy is dominated by the plateau in all cases, with
the peak contributing roughly 30-50% of the total. Regardless of
the reddening, the total radiated energy is within a factor of two of
1046 erg.
front lies outside the photosphere and that the gas (at the pho-
tosphere location) is likely ionized during this portion of the
lightcurve. As a result, we adopt an opacity κ = 0.34 cm2 g−1
in our subsequent analysis. The estimates of such a model
are certainly approximate, but provide useful insight into the
properties of the early ejecta in this transient.
The first law of thermodynamics implies that the light
curve will peak at τpeak =
√
2τdτh, where τd is the diffu-
sion time of photons through the gas at the initial radius
τd = fκ∆mej,peak/(cr0). The constant is f ≈ 0.07 for a spher-
ical shell (Padmanabhan 2001). τh = r0/vej is the hydrody-
namic timescale based on the initial radius r0 and velocity
vej. The time of peak is
τpeak ≈ 10.7 d
(
∆mej,peak
0.01M
)1/2( vej
370 km s−1
)−1/2
, (3)
with κ = 0.34 cm2 g−1. We’ve substituted a characteristic
velocity of the outflowing material based on the corrected
Hα FWHM velocity, vej = 370 km s−1, equation (1), mea-
sured by Williams et al. (2015) approximately 4.7 d before
the lightcurve peak.
We can re-express the diffusion argument above to solve
for the ejected mass in terms of the observed properties of
the early peak of the light curve,
∆mej,peak ≈ 5.6×10−3M
(τpeak
8 d
)2( vej
370 km s−1
)
. (4)
This ejected mass is large compared to the minimum obscur-
ing mass estimated above (as is evident from the fact that
the light curve’s rise to initial peak is much longer than the
light crossing time). The total kinetic energy carried by the
outflowing shell of material, EK = 12 mv
2, is
EK,peak ≈ 7.6×1045 erg
(τpeak
8 d
)2( vej
370 km s−1
)3
. (5)
We note that because of the velocity-cubed behavior of this
expression, the kinetic energy estimate is relatively sensi-
tive to the ejecta velocity uncertainty. To illustrate this more
quantitatively, the ±240 km s−1 error bars of equation (1) al-
low for an ejecta velocity of up to 610 km s−1 within one
sigma, which gives EK,peak ≈ 3.4×1046 erg in equation (5).
The kinetic energy estimate of equation (5) can be com-
pared to the radiated energy in the peak portion of the light
curve, as plotted with a dot-dash line in the lower panel of
Figure 3. The material must expand before it becomes trans-
parent. In the absence of additional heating or cooling, adia-
batic expansion decreases the internal energy – and thus also
the radiated energy – relative to the kinetic by (Rbb/r0)−1 for
radiation pressure dominated ejecta. A scaling of (Rbb/r0)−2
is appropriate for gas pressure dominated material. However,
if a even small fraction of the material recombines, this can
lead to a much shallower decay in temperature or internal
energy with radius (see, for example, Figure 2 of Kasen &
Ramirez-Ruiz 2010). For any of these possibilities the ra-
diated energy of the ejecta should be lower than the kinetic
energy.
For a reddening of E(B −V ) = 0.12 mag, the radiated en-
ergy during the early-peak portion of the lightcurve is ≈
2.0× 1045 erg. The kinetic energy estimated in equation (5)
is thus a factor of ∼ 4 larger than the radiated energy. If the
velocity of the ejecta is higher than the nominal value, then
this ratio increases. For vej = 610 km s−1, the kinetic energy
exceeds the radiated by a factor of ∼ 17. Using constraints
on r0 that will be derived in Section 3, ratios of Rbb/r0 ∼ 10
are typical. This comparison shows that the implied ratios
of kinetic to radiated energy are thus of the right order of
magnitude, with a preference for vej somewhat higher than
370 km s−1, though still within the 1σ limits of equation (1).
2.3.2. Plateau
6The second phase of the light curve morphology, the
plateau, exhibits relatively constant bolometric luminosity
for∼ 40 d and spans from 10 to 50 d after peak (as seen in the
lower-left panel of Figure 2). The color evolution slows dur-
ing this phase, and the effective temperature stabilizes in the
3−4×103 K range (depending on reddening). These proper-
ties suggest that hydrogen recombination might be stabiliz-
ing the effective temperature as we observe a recombination
wave propagating through the ejecta, lowering the opacity of
material that recombines, as described by Popov (1993) for
type IIP supernovae. This idea was introduced in the context
of LRN by Ivanova et al. (2013a) where it was invoked as a
potential explanation of the light curve evolution in various
LRN outbursts.
During the peak phase of the light curve, however, recom-
bination energy is not an important contribution to the ener-
getics. The photosphere is too hot, and the total energy,
Erecomb ≈ 2.9×1044erg
(
∆m
0.01M
)
, (6)
is too low by 1-2 orders of magnitude to explain the radiated
energy given our estimates of the ejecta mass. The expres-
sion above describes the recombination potential energy per
unit mass ∆m in a fully ionized plasma with solar composi-
tion abundances of H and He (Ivanova et al. 2013a, 2015). In
short, a recombination powered transient cannot simultane-
ously be of such short duration and as energetic as the early
peak of M31LRN 2015 given the characteristic velocities ob-
served. Thus, it appears that simple heat diffusion, rather
than recombination power, serves as the primary regulator of
the early light curve’s temporal evolution.
Returning to the plateau phase of the light curve, recombi-
nation energy could well play an important role in increasing
the radiated energy (and modulating the photosphere loca-
tion), in direct analogy to the evolution of type IIP super-
novae – though without nuclear decay heating (Popov 1993;
Ivanova et al. 2013a) Lovegrove & Woosley (2013) describe
similar scaled-down type IIP transients from mass-loss in
failed supernovae in which the energy is similar but the ejecta
mass is much larger than M31 LRN 2015 – giving lower
ejecta velocities and different light curve evolution.
The disappearance of Hα emission lines from M31 LRN
2015’s spectra taken during the plateau phase along with the
drop in photosphere temperature indicate that material which
was once recombining outside of the ejecta photosphere is
now recombining at the photosphere. Hydrogen recombina-
tion is accompanied by a drop in ejecta opacity by several
orders of magnitude. Because of this transition, material is
often assumed to be completely transparent outside the re-
combination front and completely opaque inside of it. This
implies that the photosphere is located at the same position as
the recombination front, and that the effective temperature of
the ejecta should stabilize to approximately the recombina-
tion temperature (see, for example, the discussion in Section
2 of Kasen & Woosley 2009).
Interpreting the plateau phase of the lightcurve as a
recombination-governed transient yields some insight into
the properties of the ejecta. Williams et al. (2015) note
that the lightcurve appears consistent with the ejection of
∼ 0.1M by comparison to the luminosity and duration scal-
ings of Ivanova et al. (2013a). Appendix A elaborates on
these same scalings for recombination transients. Here, we
can use the observed properties of the recombination plateau
to estimate the ejecta mass using equation (A4) and the
ejecta’s initial radius using equation (A5). Inserting Lp ∼
1039 erg s−1 for the plateau luminosity, tp ∼ 50 d for the to-
tal duration, Trec ∼ 4000 K for the recombination tempera-
ture (similar to the photosphere effective temperature), and
vej ∼ 370 km s−1 for the ejecta velocity, we obtain
∆mej,plateau ∼ 0.27M, (7)
which scales as ∝ T 4rect4p v3ejκ−1L−1p , and
Rinit ∼ 33R, (8)
which scales as∝ T −4rec t−2p v4ejκL2p. For full details of these scal-
ings, see Appendix A and (Ivanova et al. 2013a). Because
of the high powers in these scalings, we caution that these
estimates are uncertain at the factor of a few level.
Even taken as order of magnitude estimates, a compari-
son of equations (4) and (7) suggests that a small amount
of mass ejected at somewhat higher velocity forms the early
light curve peak, while later a larger amount of ejecta con-
tributes to the plateau phase.
3. PRE-OUTBURST SOURCE
The detection of a progenitor source with known distance
in the years prior to the transient outburst makes the lessons
of M31LRN 2015 particularly useful. Williams et al. (2015)
report a source at the outburst location in Hubble Space Tele-
scope (HST) imaging from August 2004, ∼ 10.5 yr before
the outburst took place. F555W and F814W magnitudes
were converted into MV and V − I colors assuming a red-
dening of E(B −V ) = 0.12± 0.06 mag to be MV = −1.50±
0.23 mag, and (V − I) = 1.05± 0.15 mag (Williams et al.
2015). We transform these observations to a broader range
of possible reddening values in what follows. Dong et al.
(2015) study a brightening of the progenitor using data from
several ground-based surveys in the year prior to the outburst,
and estimate a progenitor mass of ∼ 2−4M.
In this section, we compare these detections of the pro-
genitor and precursor emission to detailed stellar models to
attempt to infer the properties of the source over the decade
prior to outburst. We will assume that the progenitor source is
dominated by the a giant-star primary which has not yet been
disturbed by its companion. To do so, we compare the source
detection to post-main-sequence stellar tracks of non-rotating
stars. These are simplifying assumptions – we know that stel-
lar evolution proceeds differently for stars in binary systems
7than for isolated stars (e.g. De Marco & Izzard 2016). In par-
ticular, rapid rotation or phases of mass transfer can modify
the colors of stars compared to their non-rotating single-star
counterparts of the same mass (De Marco & Izzard 2016),
and orbital instability can occur in some cases following such
periods of mass transfer (Podsiadlowski et al. 2002). While
a full consideration of these binary-star effects is beyond the
scope of the modeling presented here, it may be worthwhile
to consider binary-evolution scenarios for M31 LRN 2015
and other stellar merger sources in future work.
3.1. Stellar Evolution Models
To map the pre-outburst HST color and magnitude to the
properties of a progenitor star we compute a grid of stellar
models with the MESA stellar evolution code3 (Paxton et al.
2011, 2013, 2015). We compute stellar tracks for stars of
solar metallicity with masses between 2 and 8 M from the
pre main sequence until core helium ignition.
We use a modified version of the input lists provided to
recreate Figure 16 of Paxton et al. (2013) which are avail-
able on mesastar.org. The initial models have a com-
position of Y = 0.272 and Z = 0.02 and convection is deter-
mined by the Schwarzschild criterion using αMLT = 2 and
allows for exponential overshoot by 1% of the scale height
(overshoot_f= 0.014 and overshoot_f0= 0.004). We
include mass loss along the RGB through a Reimers (1975)
wind prescription with ηR = 0.5 and do not include the effects
of rotation. We calculate nuclear reactions using the JINA
reaclib rates (Cyburt et al. 2010). We use standard OPAL
opacities (Iglesias & Rogers 1996) and we calculate surface
properties using a grey atmosphere approximation.
To map the MESA variables to a color and magnitude we
use the MESA colors package, which follows the method
outlined in Lejeune et al. (1997, 1998) to yield UBV RI colors
given surface temperature, surface gravity, and metallicity.
3.2. Source Properties
In Figure 4, we compare the HST detection to single-star
evolutionary tracks in the MV versus V −I color magnitude di-
agram (CMD). The tracks plotted are the post main sequence
evolution of stars between 2M and 8M. We make the ini-
tial assumption that we can approximate the net emission as
being solely due to the primary star. The tracks are masked
to only show portions of the evolution during which the stel-
lar radius has not previously been larger. This selection is
important in our present binary-merger context because a bi-
nary interaction can only occur while the evolving primary
star is growing to larger radial extent.
We transform the HST detection to a range of E(B−V ) val-
ues between 0.05 mag and 0.45 mag to span the range of un-
certainty reported by Williams et al. (2015) and Kurtenkov
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Figure 4. Color-magnitude diagram comparing the HST-detected
source to post-main sequence stellar evolutionary tracks computed
in MESA. The tracks are masked to exclude portions of the evolu-
tion where the radius decreases (because an encounter could only
occur as the primary star grows). The pre-outburst color and mag-
nitude are re-computed from the Williams et al. (2015) data to take
E(B−V ) =0.05, 0.15, 0.25, 0.35, 0.45 mag. Error bars include mea-
surement and distance error, but not reddening error. The left panel
shows tracks of stars between 2 and 8M, in intervals of 1M. The
right panel zooms in and shows tracks with intervals of 0.1M be-
tween 3 and 6M (integer values are plotted with dashed lines).
From these color magnitude diagrams, the pre-outburst source is
clearly identified as subgiant star of several solar masses.
et al. (2015). We plot error bars that include the distance
modulus error and measurement error only (reddening error
is not included). The reddening uncertainty thus implies a
diagonal swath of possible color-magnitude pairs (not an un-
correlated error space).
Figure 4 shows that the allowed region of CMD space
selects portions of stellar tracks which range from 3M to
about 5.5M. The selected regions along these tracks always
correspond with phases in which the primary star is growing
in radius as it evolves. This presents a picture very consis-
tent with a star evolving to engulf its companion. Further, it
suggests that, unless the companion is in the very unlikely
configuration of also being a giant, the light will be domi-
nated by the much-more luminous evolved primary, which
justifies our comparison to single-star tracks.
In Figure 5 we map the CMD space to the physical prop-
erties of the progenitor primary star, in particular radius, spe-
cific moment of inertia, and escape velocity. The panels of
Figure 5 use colored dots along evolutionary tracks to show
how the evolution of stars in the 3M to 6M range compare
to the vector of progenitor source colors and magnitudes al-
lowed by the HST data. The growth in radius along the post-
main-sequence stellar tracks can be observed in the top panel
of this diagram. Interestingly, the CMD swath allowed by the
data selects objects within a factor of two in radius regardless
of reddening. The stellar escape velocity vesc is shown in the
center panel of Figure 5. The escape velocity decreases along
the evolutionary tracks as stars go from their compact main
sequence radii to extended giant-branch radii.
The stellar moment of inertia is important in the context of
binary star evolution because it relates to how much energy
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Figure 5. Properties of pre-outburst progenitor models plotted along
stellar evolutionary tracks. The source data are again plotted for
E(B−V ) =0.05, 0.15, 0.25, 0.35, 0.45 mag. Shortly before outburst,
the primary star in the binary system was ascending the subgiant
branch, during which its radius grows (top panel) and its escape
velocity decreases (center panel). The specific stellar moment of
inertia increases (lower panel) as the envelope’s internal structure
transitions from radiative to convective.
and momentum are needed to lock the primary star into coro-
tation with its companion. We compute the moment of inertia
from the radial profile of the stars’ interior density profiles,
ρ1(r), as
I1 =
8
3
pi
∫ R1
0
ρ1(r) r4dr, (9)
and define a specific moment of inertia η1 = I1/M1R21 (e.g.
Soker & Tylenda 2006). This specific moment of inertia is
plotted in the lower panel of Figure 5. It changes by a factor
of approximately seven in the CMD space selected by our
HST measurements. In this transition we are seeing the sub-
giant branch transition from models with primarily radiative
envelopes (and low specific moments of inertia) to those with
convective envelopes (with more mass at larger radii and thus
higher specific moments of inertia).
In Figure 6, we derive numerical values for a few key prop-
erties of the progenitor primary star as a function of redden-
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Figure 6. Properties of pre-outburst progenitor models as a function
of assumed reddening. These properties are measured from MESA
models in the MV , V − I color-magnitude space allowed for a given
reddening. Shaded regions show the range of properties within the
±1σ photometric measurement error bars of Figures 4 and 5. The
pre-outburst source is a 3 to 5.5M star of approximately 35R
and ∼ 400 − 800L. It has a an escape velocity in the range of
∼ 180−280 km s−1. The object’s internal structure and thus specific
moment of inertia spans a wide range depending on reddening, at
low reddening the star has a convective envelope and η1 ≈ 0.14,
while at high reddening the star has a radiative envelope and lower
specific moment of inertia of η1 ≈ 0.02.
ing. We plot derived mass, radius, specific moment of inertia,
and escape velocity along with their±1σ error regions. As in
the previous figures, we assume fixed reddening values and
consider the contribution of other sources to the error budget
(no reddening error). We find that the pre-outburst star is a
∼ 3−5.5M star, with radius of ∼ 25−40R. These masses
and radii imply typical escape velocities from the primary of
∼ 180−280 km s−1. As a function of the assumed reddening,
the interior structure of the fitted progenitor star changes: if
the reddening is E(B−V ) . 0.25 mag, then the primary star
has a convective envelope, and a relatively high specific mo-
ment of inertia, η1. If, however, the reddening is higher, the
primary envelope is radiative and has lower specific moment
of inertia.
3.3. Precursor Emission
Dong et al. (2015) studied the progenitor using archival
images from a number of sources including the CFHT, Local
Group Survey, and SDSS. Their analysis shows a source con-
sistent with being constant between 2002 and 2009, followed
9by a 2.4 mag brightening (compared to the HST imaging)
to g = 20.8 mag in October 2014. The date of the observed
brightening is just 15 months prior to the outburst. This pre-
cursor emission marks an important signature of the oncom-
ing transient.
The brightening of 2.4 magnitudes implies a factor of∼ 10
brightening (in this wavelength range) of the progenitor. In
general, this could be caused by a change of color or of over-
all luminosity (or, of course, a combination of the two). If
the source has constant effective temperature, a factor of 10
increase in luminosity of the progenitor, L1 = 4piR21σbT
4
eff,1,
implies a factor 101/2 ∼ 3 increase in photosphere radius R1.
If instead we imagine a source of constant photosphere ra-
dius, the blackbody effective temperature must increase to
∼ 7500K from 4600K (taking approximate parameters for
E(B−V ) = 0.15) in order to explain the g-band flux increase.
This source would have undergone a factor of ∼ 7 increase
in bolometric luminosity. With the single color observation
available it is difficult to distinguish between these possibili-
ties (or a combination of radius and temperature increase).
It is, however, worthwhile to compare the implied radius
and temperature increase to the scales at the first detection of
the transient (for which multicolor photometry is available).
The transient is first detected at a radius of 1 AU, approxi-
mately a factor of ∼ 6 larger than R1. The initial color of the
transient is ∼ 5000K. These scales show that the increase in
luminosity could be accommodated by either increasing ra-
dius (at constant Teff) or by increasing temperature – though
not by increasing photosphere radius with a significant ac-
companying decrease in photosphere radius (which would
appear to be inconsistent the growing photosphere seen dur-
ing the transient phase).
4. A MODEL FOR SYSTEM AND TRANSIENT
TOGETHER
4.1. Combined Properties
M31LRN 2015 was identified as a stellar merger by
Williams et al. (2015) and Kurtenkov et al. (2015) through
comparison of the outburst properties to similar optical tran-
sients like V838 Mon and V1309 Sco, which have been as-
sociated with a stellar merger origin (Tylenda & Soker 2006;
Soker & Tylenda 2006; Tylenda et al. 2011; Pejcha 2014;
Nandez et al. 2014). The pre-outburst progenitor source ap-
pears consistent with this hypothesis. The HST detection
places the sub-giant primary star in a portion of the CMD
in which it is evolving and growing in radius – perhaps to
engulf a companion.
A comparison of the progenitor source and the outburst
itself allows us to draw several conclusions about this pro-
cess. The optical transient rises from discovery to peak in
a timescale of ∼ 8 d. Depending on the reddening, the or-
bital period of a test mass at the surface of the primary varies
from ∼ 13 to 7 d (for low to high E(B−V ), the primary’s dy-
namical timescale,
(
R31/GM1
)1/2
, is 2 to 1.2 d, respectively).
Thus the initial transient outburst is quite rapid relative to the
binary orbital period (of the same order) and the entire opti-
cal transient transpires over only tens of orbits of the binary.
Precursor emission from October 2014 marks the first detec-
tion of a brightening 15 months, or ∼ 30− 70 orbits prior to
merger.
Although the ejecta giving rise to the optical transient ap-
pear to be liberated on a dynamical timescale in the merger,
the mass ejected is only a small fraction of the total system
mass. In Section 2 we estimated that of order 10−2M is
ejected in the early peak of the outburst light curve (the por-
tion with timescale similar to the orbital period). Of order
0.3M may be ejected in the plateau portion. These ejecta
masses are small by comparison to our estimated primary-
star masses from the progenitor imaging.
A final useful point of comparison lies in the characteristic
velocities of the ejecta as compared to the progenitor system
escape velocity. We have two observational handles on the
velocity of the ejecta. The first is the Hα line FWHM from
the Williams et al. (2015) data near the peak of the optical
transient, equation (1). A second velocity measure is the ex-
pansion velocity of the photosphere as computed in Figure
2. In Figure 7 we plot these characteristic velocities describ-
ing the progenitor system and outburst along with their ratio
to the primary’s escape velocity. Across the range of possi-
ble source reddening values, the ejecta outflow at velocities
similar to or greater than the primary star’s escape velocity
(vej & vesc). From this analysis we therefore can glean that
in the M31LRN transient, we are observing the rapid, dy-
namical ejection of a small portion of the system mass. The
characteristic masses are small relative to the system mass,
the velocities are of the same order as the system escape ve-
locity, and the timescale is similar to the primary’s dynamical
time.
4.2. Proposed Interpretation
In this section, we propose an association of the modeled
properties described above with various phases of the com-
mon envelope interaction.
4.2.1. Precursor: Pre-Common Envelope Interaction
The precursor brightening is likely to be associated with
the oncoming merger event (which in turn, generates the lu-
minous optical transient). The detection arises just tens of
orbits prior to merger, so it is appealing to imagine the in-
teraction ramping up toward runaway during this phase. The
cause of the precursor emission seems likely to be some early
tidal heating and disturbance within the primary-star atmo-
sphere through interaction between the secondary star and
the outermost layers of the primary. Another possibility, re-
cently outlined by Pejcha et al. (2016a), is that cold, bound
material originally lost from the outer, L2, Lagrange point
in binary systems could cause a brightening (and increase in
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Figure 7. Taking the outburst and pre-outburst system together,
this figure compares characteristic velocities. In the top panel, we
plot the ejecta velocity inferred from spectral emission-line FWHM
(blue), to the escape velocity of the primary (red), and the expansion
velocity of the photosphere. In the bottom panel, the blue, solid line
shows the ratio of the ejecta velocity to the escape velocity, while
the dashed gold line shows the ratio of the photosphere expansion
velocity to the escape velocity. These comparisons show that the
ejecta expand at velocities similar to or slightly larger than the es-
cape velocity (vej & vesc).
temperature) as it falls back and virializes. These possibili-
ties are conceptually similar – involving some heating of the
surface layers due to the presence of the companion – and
both appear to be possible given the limited evidence from
the precursor emission.
It is useful to compare the luminosity during this phase
of ∼ 7 − 10L1 ∼ 1037 erg s−1 to the orbital energy of the
presumed binary with separation a ∼ R1. This energy scale
is Eorb = GM1M2/a∼ GM1M2/R1 ∼ 5×1047
(
M2/M
)
erg.
If the radiated luminosity during the precursor phase repre-
sents orbital decay, and has a radiative efficiency η, then the
timescale for inspiral is τdecay ∼ Eorb/
(
L/η
)
. For η = 0.1 and
the energy and luminosity above, the implied orbital decay
timescale is τdecay ∼ 30 yr, or ∼ 103 orbital periods. The
precursor emission alone does not account for the onset of
merger within approximately a one year timescale, and a sub-
sequent runaway to higher energy loss rates is needed.
4.2.2. Early Peak: Shocked Ejecta from the Onset of Common
Envelope
The M31LRN 2015 light curve shows an early peak, ana-
lyzed in Section 2.3.1. We argue that a small amount of mass,
of order 10−2M, ejected at velocities similar to or exceed-
ing the escape velocity, best explains this signature. Due to
the small mass and rapid timescale, we associate these ejecta
with the first phase of contact of the merging binary, where
the relative velocity of the secondary across the primary’s
atmosphere drives shocks through the primary’s outer enve-
lope (e.g. Soker & Tylenda 2006; Metzger et al. 2012). In
this scenario shocks are generated by the relative motion of
the secondary through the primary’s envelope.
Material from the stellar envelope would be gravitationally
focused toward the secondary as it skims through the stel-
lar atmosphere. This gravitational focussing effect from the
strong density gradient of the stellar limb creates a flow mor-
phology in which material is shock-heated and a fraction is
ejected radially outward (see, for example, the flow morphol-
ogy in simulations presented by MacLeod & Ramirez-Ruiz
2015a,b). These shocks heat and accelerate a small portion
of the mass to high velocities as they run down the density
gradient of the primary’s disturbed envelope. The observed
presence of broad Hα emission during this phase of M31
LRN 2015 indicates that hot, ionized gas is recombining out-
side the photosphere and is consistent with a scenario that
generates hot, fast initial ejecta. The eventual ejecta in such
a scenario will have a distribution of velocities of the same
order, or faster than, the escape velocity from the primary
star’s envelope.
As a check on this scenario, we can use the scalings of
Section 2.3.1 and the size of the primary, R1, as the ejecta’s
origin to estimate a peak luminosity of
Lpeak ≈ 1.0×1039erg s−1
(
vej
370 km s−1
)2( R1
35R
)
, (10)
that results from the ejection of a shell of mass of ∆mej,peak
with velocity vej. We have assumed Lpeak = Eint(tpeak)/tpeak,
that the original internal energy is similar to the ejecta kinetic
energy (Eint(0) = EK,peak, as would be the case if the material
were strongly shocked) and that the internal energy declines
as the gas expands with (Rbb/r0)−1 where r0 = R1 (e.g. Pad-
manabhan 2001; Kasen & Woosley 2009). Despite the many
crude ingredients that form the basis of this calculation, this
estimate agrees with the bolometric light curve of Figure 2.
This agreement suggests that the ejection of a small amount
amount of mass from the stellar surface can produce the early
transient light curve.
4.2.3. Later Outflow: Embedded Phase and Merger
When the secondary star is deeply embedded within the
envelope of the primary, gravitational interaction drives high
density material from the stellar interior outward (MacLeod
& Ramirez-Ruiz 2015a). In contrast to the phase of early
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contact, at the onset of common envelope, this material is not
free to expand into the low-density stellar atmosphere but
instead thermalizes on its surroundings, effectively sharing
the orbital-energy (drained from the secondary’s orbit) with
a large amount of surrounding primary-star envelope mate-
rial (see, for example, the later stages of the simulations of
Nandez et al. 2014). The continuous stirring of the envelope
by the inspiralling-secondary is a violent process, but this
phase drives a slower, albeit more massive outflow (as, for
example, seen in simulations by Taam & Bodenheimer 1989;
Sandquist et al. 1998; Staff et al. 2016; Iaconi et al. 2016).
Because the energy deposited by the secondary is shared with
more mass in the embedded phase, the specific energy of the
ejecta is lower and the imprint of these material on the light
curve is longer, lower-temperature, and of lower peak lumi-
nosity.
In this case, the photosphere is at larger radii (and lower
temperatures) implying that the material is able to recombine
prior to becoming transparent. The Hα emission lines in the
spectra fade, and the photosphere temperature stabilizes as
hydrogen recombination controls the opacity. In this phase,
the lightcurve behaves comparably a scaled-down type IIP
supernova (Popov 1993; Ivanova et al. 2013a). Using the
scalings of Ivanova et al. (2013a) explored in Appendix A
we estimate an ejecta mass of order ∼ 0.3M. The initial
radius of mass ejection estimated using this approach appears
compatible with the primary star’s radius as derived from the
HST progenitor detection, since both are of order ∼ 35R.
Finally, the photosphere begins to recede after day 40 in
the lower-right panel of Figure 2 suggesting that mass ejec-
tion has slowed or shut off at this time. We interpret this
transition as the end of the binary merger: following a phase
of orbital inspiral, the secondary tidally disrupts inside the
primary envelope, leaving a merged remnant. Ongoing ob-
servations of the later phases of the transient (and its subse-
quent evolution in later stages) will allow us to constrain the
total heat deposited into the primary’s envelope and to follow
its resultant relaxation as it cools.
5. THE ONSET OF COMMON ENVELOPE: PATHWAYS
AND OBSERVATIONAL IMPLICATIONS
Multiple mechanisms of angular momentum loss can
destabilize a binary system and drive it toward merger. Two
of these are Roche lobe overflow through the outer Lagrange
point, which carries mass and angular momentum away from
the system, and the Darwin tidal instability, which deposits
orbital angular momentum into the reservoir of the primary’s
envelope (Darwin 1879). Either angular momentum loss
channel destabilizes and desynchronizes the orbital motion
of the secondary from the rotation of the primary envelope
leading the two objects to plunge together with significant
velocity shear at onset of common envelope (when the bi-
nary separation is equal to the radius of the primary, a = R1).
However, they seem likely to differ in the hydrodynamics of
the initial mass ejection and, as a result, in the transients they
should give rise to.
5.1. Roche Lobe Overflow Leading to L2 Mass Loss
If the primary star is locked into corotation with the sec-
ondary, it can overflow its Roche Lobe at the L1 (inner)
Lagrange point as it evolves toward contact. If the ensu-
ing mass transfer is, or becomes, unstable (e.g. Hjellming
& Webbink 1987; Soberman et al. 1997; Podsiadlowski et al.
2002; D’Souza et al. 2006; Woods & Ivanova 2011; Passy
et al. 2012a; Pavlovskii & Ivanova 2015), the mass trans-
fer rate can run away until the system also overflows the L2
(outer) Lagrange point (Shu et al. 1979; Pribulla 1998; Pejcha
et al. 2016b,a). Mass lost from the L2 point carries angular
momentum away from the bound pair, driving them toward
merger.
In Figure 8, we plot the separation, a, at which the pri-
mary undergoes Roche lobe overflow and begins to transfer
mass onto the secondary (assuming corotation), this is ap-
proximated by Eggleton (1983)’s formula,
aL1
R1
=
0.6q−2/3 + ln(1+q−1/3)
0.49q−2/3
, (11)
where q = M2/M1 is the binary mass ratio. Eggleton (1983)’s
formula is an approximation of the separation at which the
volume of the primary’s Roche lobe is equal to the volume
of the unperturbed star, 4/3piR31. We perform a conceptually
similar calculation to determine the approximate separation
at which the system will overflow the L2 Lagrange point, aL2 .
To compute this value, we compare the volume enclosed by
the equipotential surface passing through L2 (limiting our in-
tegration to the primary’s lobe) to the primary’s effective vol-
ume. We plot aL2 along with aL1 in the left panel of Figure 8.
We find that aL2 is always smaller than aL1 , with the differ-
ence most substantial for q∼ 1. In Appendix B, we compute
the mass loss needed to bring the binary from the point where
it begins to shed material (a = aL2 ) to the onset of common
envelope (a = R1), and find that this mass is 10-15% of M2
across a range of mass ratios q, as shown in Figure B1.
5.2. Darwin Tidal Instability
Binary systems with low-mass secondaries are subject to
an orbital instability known as the Darwin instability (Darwin
1879). As the primary’s envelope grows, a situation can arise
where the angular momentum budget of the secondary’s or-
bital motion is too small to lock the primary’s envelope into
corotation. As desynchronization ensues, angular momen-
tum is drained from the secondary object’s orbit and the orbit
decays on a tidal-dissipation timescale. The condition for this
instability can be written in terms of the moments of inertia
of the orbit Iorb and the moment of inertia of the primary, I1,
as (Eggleton & Kiseleva-Eggleton 2001),
Iorb . 3I1. (12)
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Figure 8. Pathways to the onset of runaway interaction in a binary system. The left panel shows characteristic separations of orbital de-
synchronization. Two possible processes, the Darwin tidal instability and non-conservative L2 Roche lobe overflow can drive a binary pair
toward merger. Points mark the transition where aL2 = ac(η1). The lower-right panel shows this transitional mass ratio for a range of primary-
star specific moments of inertia, η1. Systems with q  1 are likely to merge via the Darwin instability, while systems with q ∼ 1 maintain
corotation until mass transfer commences and merge by Roche lobe overflow. The pathway a merging system takes may have implications for
the observable properties its transient, as outlined in the upper-right hand side panels.
In the above expression, Iorb = µa2, where µ = M1M2/M is
the reduced mass, M = M1 +M2 is the total mass, and a is the
orbital separation. The primary’s moment of inertia can be
written as I1 = η1M1R21; it is computed from the interior struc-
ture of the primary using equation (9). Though the moment
of inertia of the secondary could enter into the above expres-
sion (Hut 1980), we ignore it here under the assumption of
an evolved star primary with a more compact companion.
The critical separation which leads to tidal instability can
be written,
ac = R1
√
3η1
(
1+q−1
)
. (13)
In the left-hand panel of Figure 8, we compare critical sep-
arations to the radius of the primary and the separations of
Roche lobe overflow for synchronized systems, aL1 and aL2 .
We use three different specific moments of inertia, η1, which
span the range of typical stellar values shown in Figure 6
(low η1 is relevant for main-sequence stars, while evolved
stars with convective envelopes have higher η1). The lower-
right panel of Figure 8 delineates the transition in mass ratio
(as a function of primary-star specific moment of inertia, η1)
between Darwin unstable systems and Roche lobe overflow
systems as divided by the line ac = aL2 .
Once systems desynchronize through the Darwin instabil-
ity, they decay on a tidal friction timescale, which scales as
(a/R1)8. As a result, we can expect that the orbital decay
starts very slowly but becomes increasingly rapid as the bi-
nary enters the nonlinear regime of a ∼ R1. For a recent
discussion of these decay timescales in the context of the
V1309 Sco binary merger transient, see the discussion sec-
tion of Nandez et al. (2014).
5.3. Possible Consequences of Pathway for Merger
Transients
A comparison of the desynchronization radii plotted in
Figure 8 shows that in some cases the system becomes Dar-
win unstable at larger separations than those for mass trans-
fer, while in other cases unstable Roche lobe overflow pro-
ceeds to L2 mass loss. We explore the differences between
those pathways here and in the cartoon panels in Figure 8.
In systems that merge through unstable Roche lobe over-
flow, the initial ejecta are trailed off gently in a spiral wave
from the L2 point. Beyond a few to ten times the orbital semi-
major axis, these material pile up into a wind-like outflow
with ρ∝ r−2 (Pejcha et al. 2016b) in other cases of the binary
mass ratio, the bulk of the material might remain bound to
the binary (Pejcha et al. 2016a). In general, the material is
cool, and the radial component of the ejected material’s ve-
locity is small, with the maximum velocity at infinity being
about 25% of the system escape velocity,v∞ . 0.25vesc (Shu
et al. 1979; Pejcha et al. 2016b).
Mass loss from L2 begins slowly but eventually exponen-
tiates leading to the runaway merger. This transition takes
place over many orbital periods, and, with a sufficient column
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depth, the photosphere could move outward into the “wind”.
With photosphere radii larger than the overlap of the spiral
wave of mass-loss (a few and ten times the binary separa-
tion), the luminosity would increase with the radiated energy
originating in the relative velocity of spiral features (Pejcha
et al. 2016b). The characteristic features of transients gener-
ated by systems brought to merger through Roche lobe over-
flow will therefore be a mass-rich circumbinary environment
(containing a total mass of 10-15% M2, preferentially con-
centrated in an equatorial wedge of uncertain H/R), the po-
tential for precursor emission if the photosphere moves past
the internal shock radius, and low ejecta velocities (relative
to the system escape velocity).
Systems that are driven to merger through the Darwin in-
stability desynchronize when there is no longer sufficient an-
gular momentum in the secondary’s orbit to maintain the
corotation of the primary. Thus, they proceed toward merger
(on a tidal-dissipation timescale) without significant mass
loss (Eggleton & Kiseleva-Eggleton 2001; Nandez et al.
2014). These systems may decay more rapidly in their late
pre-merger phase according to evidence from SPH simula-
tions (Nandez et al. 2014). When these systems reach separa-
tions similar to the mass-transfer separation for synchronized
systems, aL1 , there is a lack of corotation. The secondary
would sweep through the atmosphere of the primary with
high mach number (e.g. MacLeod & Ramirez-Ruiz 2015a),
shock heating and ejecting a fraction of the primary star’s
outermost layers, primarily in the orbital plane (e.g. Figure
2 of Taam & Bodenheimer 1989). This flow morphology
is therefore quite different that the cold overflow from one
potential well to another that is possible in a synchronized
system.4 We postulate that without the dense circumbinary
outflow that characterizes Roche lobe overflow systems, this
initial ejecta expands uninhibited, with characteristic veloci-
ties of order, or larger than, the system escape velocity.
6. WAS M31LRN 2015 A DARWIN UNSTABLE
MERGING PAIR?
6.1. Argument For a Darwin Unstable Merger
A key characteristic of the M31 LRN 2015 transient is the
high velocity of the initial ejecta as compared with the sys-
tem escape velocity (vej & vesc, Figure 7). An appealing pos-
sible interpretation of this evidence is that the system lacks
the dense, slowly-expanding circumbinary environment that
L2 mass loss deposits. For all secondary masses larger than
0.1M, the total mass in such an outflow (& 0.1M2) would be
large compared to the initial ejecta mass inferred in section
2, implying that the slow-moving (and massive) early ejecta
4 This effect can also be phrased in terms of the effective equipotential
surfaces experienced by fluid that is not corotating with the binary – the
potential is higher at the saddle points L1 and L2 because of the additional
kinetic energy than in a corotating system (Sepinsky et al. 2007).
would decelerate any later, fast moving ejecta. The appar-
ent preservation of high velocities in the early peak ejecta of
M31 LRN 2015 therefore implies that the binary may have
come to the onset of common envelope through the Darwin
tidal instability channel.
With current evidence it is impossible to say full certainty
whether such an interpretation is correct or unique. Another
possible interpretation is that the early and late ejecta have
different geometries, and our sightline is oriented such that
we see the faster ejecta escaping. This is certainly possible,
but to first order we expect the bulk of pre-merger and merger
ejecta to be concentrated in the orbital plane, ensuring their
interaction (e.g. Taam & Bodenheimer 1989; Ricker & Taam
2008; Passy et al. 2012b; Pejcha et al. 2016b), though Morris
& Podsiadlowski (2006) show that late ejecta might be colli-
mated in the polar direction by these equatorial overdensities.
Despite these uncertainties, if the system merged via the
Darwin instability it implies several interesting constraints
on the mass of the secondary object. We work through
those constraints in this section in their application to M31
LRN 2015, but emphasize the applicability of this discussion
to other systems should future evidence reveal their merger
channel.
6.2. Implied Constraints on M2
In this section, we consider what limits may be placed on
the mass of the unseen secondary star that was engulfed to
create M31LRN 2015. We use the properties and energet-
ics of the transient outburst along with our discussion above
of the possible pathways to merger in order to consider the
constraints on the properties of the merging binary.
6.2.1. An Upper Limit: Merger Pathway
The requirement that the system merge via the Darwin in-
stability has the effect of placing an upper limit on the mass
ratio, q. Because the pre-outburst HST imaging constrains
the primary mass and structure, it is also possible to place
an upper limit on the mass of the secondary, M2. We note
that the pathway to merger is an upper limit on the mass ra-
tio only for Darwin-unstable systems. Were a transient’s ob-
servational properties consistent with a Roche lobe overflow
pathway to merger, this would instead imply a lower, rather
than upper, limit on the binary mass ratio.
To apply this constraint, we specify that the system must
destabilize due to the Darwin instability at greater separation
that it begins to lose mass from L2, ac ≥ aL2 . This implies a
maximum allowed q for a given E(B−V ) reddening, which
gives ac = aL2 . As can be seen in equation (13) and Figure
8, this constraint depends on the specific moment of inertia
of the primary star’s envelope, η1. We therefore apply the
constraints derived in Section 3 and plotted in Figure 6. For
lower q, the pair becomes Darwin unstable at larger sepa-
rations (ac > aL2 ). However, for higher masses, the system
remains synchronous until mass loss from L2 begins.
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Figure 9. Change in energy to ‘bury’ the secondary object, ∆Ebury,
defined as the change in orbital energy from a = R1 to a = R1 −RRL2 ,
when the secondary has inspiraled by one Roche radius and is no
longer gravitationally dominant for material at the primary’s sur-
face. In the figure above, ∆Ebury is compared to the orbital energy
at the onset of common envelope, Eorb, and to the order of magni-
tude binding energy of the primary, GM21/R1. The change in orbital
energy to bury the secondary is always a fraction of the orbital en-
ergy itself, but it also is an even smaller fraction of the primary’s
binding energy (more steeply varying with q).
6.2.2. A Lower Limit: Energetics
We can place a lower limit on the mass of the secondary
object based on the outburst’s energetics. In particular, if we
assert that the primary source of energy in the transient to
be the dissipation of the orbital energy of the secondary into
the ejected envelope gas, then we can place a lower limit on
the change in orbital energy during this phase (and in turn on
M2).5 The first peak of the transient outburst is particularly
useful in this regard because we have argued that it originates
from the phase when the secondary is grazing the surface of
the primary.
The rapid velocities, vej & vesc, measured during the out-
burst peak imply that shocked ejecta are free to expand un-
inhibited and without thermalizing on the surrounding en-
velope gas. This suggests a phase of interaction before the
secondary object has become ‘buried’ within the envelope of
the primary. In Figure 9 we plot a quantity∆Ebury, which we
define as the magnitude of the change in orbital energy lib-
erated before the secondary is subsumed within the envelope
of the primary. This energy source must be sufficiently large
to explain the early light curve energetics. Below, we explore
the limits this places on the range of possible mass ratios.
To approximate ∆Ebury, we assume that the secondary can
eject material to infinity when it is within one (secondary)
Roche lobe radius of the surface of the primary. We there-
5 We note that orbital energy isn’t the only possible energy source in a
common envelope episode (Iben & Livio 1993). The possibility of accretion
energy mediated by jets has also been proposed to explain red transients
(Kashi & Soker 2016; Soker & Kashi 2016).
fore compute the liberated energy as (minus) the difference
in orbital energy between a = R1 and a = R1 −RRL2 ,
∆Ebury = −
[
Eorb
(
R1 −RRL2
)
−Eorb (R1)
]
, (14)
where Eorb = −GM1M2/(2a), and RRL2 is the radius of the
Roche lobe of the secondary, approximated by the inversion
of Eggelton’s formula, equation (11) (thus ∆Ebury > 0 be-
cause the orbital energy becomes more negative). For our
definition of q = M2/M1 we have,
RRL2
a
=
0.49q2/3
0.6q2/3 + ln
(
1+q1/3
) . (15)
In Figure 9, we don’t include the (few percent) change in en-
closed primary mass as the secondary plunges into the outer
layers of the primary star’s envelope. This approximation
of ∆Ebury has desirable qualitative features. When the sec-
ondary mass is small, it need not plunge deep within the en-
velope of the primary before the material in its vicinity is
thermalized rather than directly ejected. When the secondary
mass is large, it instead causes a more global disturbance to
the primary envelope and can eject material to infinity from
deeper depths within the envelope (smaller a).
Returning now to Figure 9, ∆Ebury is plotted normalized
to the orbital energy at the onset of common envelope (Eorb
at a = R1) and to the approximate binding energy of the pri-
mary, GM21/R1. The orbital energy released at the onset of
common envelope is a steep function of the secondary mass
(roughly ∝ q1.36) because of the mass dependence not only
of the orbital energy at the onset of common envelope, but
also of the depth to which the secondary can penetrate before
we assume it to be buried. We use this information to place
a limit on the binary mass ratio by requiring that the liber-
ated energy is larger than the radiated energy of the peak:
∆Ebury(q) > Erad,peak, where the radiated energy is plotted as
a function of reddening in Figure 3. We note that the kinetic
energy of the outflow must be larger than the radiated energy
(see equation (5) and the following discussion). But, because
the radiated energy is the observed quantity, this is a strictest
constraint that we must ensure is satisfied by any potential
system.
6.2.3. Range of Possible Secondary Masses
Figure 10 shows the range of mass ratios (top panel) and
masses (bottom panel) permitted by the upper and lower lim-
its described above. Since our knowledge surrounding the
processes regulating stellar mergers remains quite uncertain,
these limits are most appropriately interpreted in terms of the
qualitative guidance they offer, rather than an exact numeri-
cal value.
The range of allowed q, like the other properties of the bi-
nary system, is a function of the reddening along the line of
sight to the source. The upper mass limit, derived on the
basis of the Darwin instability, contains the imprint of the in-
ternal structure of the primary star, in particular its specific
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Figure 10. The range of allowed mass ratios (q, top panel) and
masses (M1, M2, bottom panel) for M31LRN 2015 under the as-
sumption of a Darwin unstable merger channel. These constraints
are derived from the radiated energy on the lower boundary and the
Darwin instability on the upper boundary. The lower bound requires
that there is sufficient energy to drive the early peak of the observed
light curve. The upper bound requires that the binary desynchro-
nize through the Darwin instability. The shape of the upper bound
is set by changing internal structure of the inferred primary stars
– which have convective envelopes at low reddening and radiative
envelopes at high reddening (see Figure 6). In the lower panel, the
purple dashed line and shaded region show the inferred constraints
on M1, while the blue region uses the constraint on q to deduce M2.
moment of inertia, η1. At low reddening, the primary star
properties we derive point to an object with a convective en-
velope, while at higher reddening, the primary star would be
more massive and have a radiative envelope.
Across all reddening values, the secondary is required to
be much less massive than the primary, and q  1. Tak-
ing a reddening value of E(B −V ) = 0.12 mag, as assumed
by Williams et al. (2015), this implies that we are observ-
ing the merger of a primary star with mass M1 ∼ 4M, ra-
dius of R1 ∼ 35R with a low-mass secondary star with mass
M2 ∼ 0.1−0.6M. These quantities (taking the upper-end of
the secondary mass range) suggest a pre-merger binary pe-
riod of ∼ 11 d. This suggested mass ratio compliments the
recent discovery of eclipsing binaries with B-type main se-
quence stars and extreme mass ratios by Moe & Di Stefano
(2015a,b)6 and the inference of a preference among B-type
stars for low-mass companions by Gullikson et al. (2016).
7. DISCUSSION AND CONCLUSION
7.1. Summary
This paper has studied initial photometric and spec-
troscopic data published by Williams et al. (2015) and
Kurtenkov et al. (2015) on a particularly remarkable addition
to the growing class of stellar merger-transients. This event
is especially useful in teaching us about the physics of this
process because of the additional detection of a pre-outburst
source (with both color, magnitude, and known distance). In
this paper we’ve linked the observational data to modeling of
the light curve and pre-outburst source to map the properties
of the binary before its merger to the transient it created.
Our analysis of the M31LRN 2015 transient reveals some
likely properties of a binary system at the onset of a common
envelope episode. A several solar mass star (∼ 4 − 5.5M)
evolved away from the main sequence and grew to a radius
of ∼ 35R before engulfing its companion. The light curve
and spectra reveal multiple components: 1) a fast early out-
flow that becomes transparent at ∼ 2 AU with characteristic
temperature of around 104 K, and 2) a cooler, longer lived
outflow which drives the expansion of the photosphere to
∼ 10 AU, where the temperature is low enough for hydrogen
to recombine (and dramatically lower the opacity). We infer
that this early component (with characteristic length similar
to one binary orbital period) is driven by shocks that race
through the stellar atmosphere during the violent onset of
the merger, driving off <1% of the system mass (∼ 0.01M)
with characteristic velocity similar to the system escape ve-
locity (vej ∼ 1.5 − 2vesc). The later, more mass-rich ejecta
(∼ 0.3M) likely arise from the continued inspiral of the
secondary after it has plunged deeper and become embedded
in the common envelope. Our results are broadly consistent
with earlier derivations using similar methods of a∼ 2−4M
progenitor (Dong et al. 2015), and of order 0.1M ejecta
mass (Williams et al. 2015).
One of the most striking features of the M31 LRN 2015
transient is an initial rise time (of the early peak of the
lightcurve) of the same order as the inferred binary orbital
period. An open puzzle for binary evolutionary scenarios
is understanding what drives this rapid transition. Precur-
sor emission, as observed by (Dong et al. 2015), might offer
some evidence toward unwrapping the puzzle. We attempt
to make a step toward answering aspects of this question by
extending our analysis to consider the possible pathways to
6 For example, Moe & Di Stefano (2015a) find that 2% of B-type main
sequence stars have low-mass companions in the 3-8.5 day period range
similar to the M31LRN 2015 system’s binary period.
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merger for a binary system like that observed in M31LRN
2015 in Section 5.
We argue in Section 6 that a scenario in which the binary
desychronized and was driven toward merger by the Darwin
instability seems like a plausible explanation for the high ob-
served ejecta velocities relative to the system escape velocity.
We draw on this possible constraint to work through the im-
plications for the mass of the unseen companion. This anal-
ysis shows that, were the system driven to merger by Darwin
instability, the binary had a low-mass secondary and a rel-
atively asymmetric mass ratio, q ∼ 0.1, as shown in Figure
10, a conclusion which appears compatible with recent anal-
ysis of the companion masses of B stars (Moe & Di Stefano
2015a,b; Gullikson et al. 2016).
7.2. Future Prospects
The discovery of M31LRN 2015 marks a step forward in
our understanding of flows at the onset of a common enve-
lope episode. Although the details of flows in common en-
velope have remained a theoretical mystery for the past forty
years, with observations of common envelope events “in ac-
tion” we are now well positioned to start to constrain this
important, yet highly uncertain process in binary evolution
(Ivanova et al. 2013a). Indeed, the stakes have never been
higher: common envelope episodes are thought to be essen-
tial in tightening the orbits of compact binaries to the point
that they can merge by gravitational radiation (e.g. Kalogera
et al. 2007; Postnov & Yungelson 2014) – as in the recent
LIGO detection of merging black holes with massive-star
progenitors that likely evolved through a common envelope
phase that tightened their orbit (Abbott et al. 2016). Whether
a particular interaction leads to merger or to envelope ejec-
tion, is a critical question for forming gravitational wave
sources, especially because the tightest binaries that form are
those that are driven nearly to merger. A more detailed un-
derstanding of common envelope ejection is also crucial for
resolving uncertainties in the formation of low mass X-ray
binaries with either neutron star or black hole primaries.
There remains much to be learned from other nearby ex-
tragalactic transients in which we are able to identify a pre-
outburst source. The event rates of these (and similar) events
are also promising: Kochanek et al. (2014) predict galactic
rates of∼ 0.1 yr−1 for LRNe, with a steeply-rising number of
shallower-amplitude outbursts. The discovery (and analysis)
of a similar transient in M101 with extensive data showing a
slightly more massive progenitor strengthens this conclusion,
and compliments our analysis of M31 LRN 2015 (Blagorod-
nova et al. 2016; Goranskij et al. 2016). It therefore appears
reasonable to expect one or more common envelope or stel-
lar merger transients per year in local galaxies with extensive
multicolor imaging to rely on for pre-outburst detections.
While this class of objects can teach us many lessons about
dynamical phases of binary evolution, there remains much
to be learned from M31LRN 2015 itself. This paper has
presented analysis and possible interpretations of the early
optical light curve and pre-outburst source. Ongoing obser-
vations of this object at infrared wavelengths can map out
the now-dusty ejecta’s mass and energetics. The contract-
ing photosphere in the optical observations ∼ 50 d after peak
suggests that the binary merged completely and promptly,
but future multi-wavelength observations of the remnant ob-
ject can better constrain the fate of this common envelope
episode. Will we observe the remnant’s thermal relaxation
in future years? Or does a central binary remain enshrouded
within the envelope that will instead continue to drive dusty
ejecta? And, finally, will the spectrum of the merged giant
distinguish itself from that of the remnant of the seemingly-
similar V838 Mon or from isolated giants of the similar mass
and temperature? The answers to these questions will be
especially interesting in comparison to the properties of the
seemingly-similar M31 RV red transient, thirty years further
into its post-outburst phase (Bond 2011).
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APPENDIX
A. PLATEAU SCALINGS IN RECOMBINATION TRANSIENTS
The plateau portion of red novae’s lightcurves can be used to reveal useful properties of the outflow and mass ejection site.
Our discussion in this appendix is based on Ivanova et al. (2013a)’s application of the analytic theory of recombination transients
(e.g. Popov 1993; Kasen & Woosley 2009; Kasen & Ramirez-Ruiz 2010) to luminous red novae transients. Hydrogen-rich gas is
assumed to be given some energy divided between thermal and kinetic. The gas expands, cooling adiabatically, until it reaches
the temperature where hydrogen starts to recombine. This changes the opacity dramatically, and the photosphere settles to the
location of the recombination wave within the expanding ejecta and the transient radiates away the adiabatically-degraded internal
energy of the ejecta.7 The luminosity (Lp) and timescale (tp) of the plateau phase are related to the properties of the ejecta in these
models by
Lp ≈ 4.2×1037 erg s−1
(
Rinit
10R
)2/3(
∆M
0.1M
)1/3( vej
100 km s−1
)5/3(
κ
0.32 cm2 g−1
)−1/3(
Trec
4500 K
)4/3
, (A1)
and
tp ≈ 42 d
(
Rinit
10R
)1/6(
∆M
0.1M
)1/3( vej
100 km s−1
)−1/3(
κ
0.32 cm2 g−1
)1/6(
Trec
4500 K
)−2/3
, (A2)
where Rinit is the ejection radius of the gas (perhaps the primary-star radius), ∆M is the ejecta mass, vej is the ejecta velocity, κ
is the opacity of the ionized gas prior to the passage of the recombination wave, and Trec is the recombination temperature of the
gas (similar to the photosphere effective temperature to within a factor of 21/4 in the grey atmosphere approximation). The above
expressions (and variables) are identical to Equations (1) and (2) of Ivanova et al. (2013a), with the exception we have substituted
in the ejecta velocity rather than the kinetic energy in the original expressions (for more background on these expressions and
the underlying model, see section 2 of the supplementary material of Ivanova et al. 2013a). The total radiated energy during the
plateau is, Erad,p ∼ Lptp, and therefore scales as
Erad,p ≈ 1.5×1044erg
(
Rinit
10R
)5/6(
∆M
0.1M
)2/3( vej
100 km s−1
)4/3(
κ
0.32 cm2 g−1
)−1/6(
Trec
4500 K
)2/3
, (A3)
for the same parameters as (A1) and (A2).
Equations (A1) and (A2) define a system with seven variables: Lp, tp,Rinit,∆M,vej,κ,Trec. Considering this phase space,
Ivanova et al. (2013a) emphasize that the ejecta velocity might typically be related to the ejecta mass and initial radius if a
fraction of a star’s mass is assumed to be ejected at the escape velocity, reducing the full parameter variation that might otherwise
seem to be present. For observed transients, however, we need not make that assumption because we can measure many of these
properties. Taking M31 LRN 2015 as a specific example:
• The luminosity and duration of the plateau are measured in the lightcurve.
• The ejecta velocity can be inferred from spectra and from the photospheric expansion.
• The observed effective temperature during the recombination plateau provides an estimate of the recombination tempera-
ture.
7 There are assumptions in these models that may complicate their ap-
plication to merger transients. The internal energy is assumed to decay with
expansion∝ r−1, which is relevant for radiation-pressure dominated gas with
no additional heating or cooling (gas pressure-dominated ejecta would cool
as ∝ r−2). In a stellar merger, Ivanova et al. (2013a) has convincingly ar-
gued that hydrogen and helium recombination energies may both contribute
significantly to the internal energy budget. If the ejecta has multiple velocity
components (as for example has been inferred in classical novae), internal
shocks would act as another heating mechanism. Both of these possibilities
would contribute to a shallower decay of internal energy with ejecta expan-
sion than the equation of state scalings above might indicate.
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This leaves three parameters: κ,Rinit,∆M. We therefore need an estimate of κ, here we scale to the Thompson opacity in solar
composition material. The remaining parameters are astrophysically interesting because they tell us about the radius of mass
ejection, and therefore the approximate size of the binary orbit at the time of coalescence and the amount of mass ejected. From
(A1) and (A2) we can find,
∆M ≈ 0.04M
(
vej
100 km s−1
)3(
κ
0.32 cm2 g−1
)−1(
Trec
4500 K
)4( tp
40 d
)4( Lp
1038 erg s−1
)−1
, (A4)
for the ejecta mass in terms of observable parameters, and
Rinit ≈ 61R
(
vej
100 km s−1
)−4(
κ
0.32 cm2 g−1
)(
Trec
4500 K
)−4( tp
40 d
)−2( Lp
1038 erg s−1
)2
, (A5)
for the ejection radius. Although the right-hand-side parameters are all potentially observable, the utility of these expressions
may be limited by the fact that many of the parameters enter with relatively high powers. Other combinations of parameters
might prove useful in other cases. For example,
∆M ≈ 0.09M
(
Rinit
10R
)−1/2( vej
100 km s−1
)(
κ
0.32 cm2 g−1
)−1/2(
Trec
4500 K
)2( tp
40 d
)3
, (A6)
could be a useful ejecta mass estimator if a measurement or estimate of the progenitor radius was obtained, but the distance (and
therefore Lp) is not known), with the advantage of a weak power in some of the potentially more uncertain parameters like Rinit.
In such a scenario one could imagine returning this estimate to equation (A1) and using the observed flux and estimated plateau
luminosity to obtain a rough distance estimate to the source.
B. MASS LOST FROM L2 PRIOR TO THE ONSET OF COMMON ENVELOPE IN ROCHE LOBE OVERFLOW
MERGERS
One pathway to the onset of common envelope is mass loss from the outer, L2, Lagrange point. This material forms a cool,
equatorial outflow with characteristic radial velocity significantly less than the system escape velocity (Shu et al. 1979; Pejcha
et al. 2016b,a).
We can calculate how much mass would need to be lost to carry away the angular momentum needed to bring the binary from
a = aL2 to the onset of common envelope at a = R1. The orbital angular momentum of the binary is
Lorb = µ (GMa)1/2 . (B7)
Thus the change in orbital angular momentum between a = aL2 and a = R1(for the moment neglecting the loss in mass) is
∆Lorb ≈ Lorb
(
aL2
)
−Lorb (R1) . (B8)
Mass loss from the L2 point carries angular momentum away from the binary at a rate of
dL
dm
= (GMa)1/2 r2L2 , (B9)
where rL2 = xL2/a is a dimensionless ratio, dependent on q, which describes the distance to the L2 point from the center of mass of
the binary in units of the semi-major axis (Pribulla 1998). Typical values for rL2 ≈ 1.2 and it varies by <10% across a wide range
of q. We can then estimate a mass loss∆mL2 ≈∆Lorb/(dL/dm), where, for simplicity, we evaluate dL/dm at aL2 . This gives,
∆mL2
M1
≈ q
1+q
r−2L2
[
1−
(
R1
aL2
)1/2]
. (B10)
We’ve plotted this quantity in the right-hand panels of Figure 8 labeled as ‘Simple’.
To obtain a more numerically accurate version of ∆mL2 , we need to integrate the mass lost as the binary separation decreases
from a = aL2 to a = R1. We use equations (B9) and (B7) to express dm/da = (dm/dL)(dL/da), to find
dm
da
= −
µ
2a
r−2L2 . (B11)
We integrate dm/da numerically from a = aL2 to a = R1 to find ∆mL2 . We use the midpoint method and 10
3 evenly-spaced
integration steps. We assume that mass lost comes from the envelope of the primary, thus decreasing M1 and modifying µ and q
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Figure B1. Mass lost from the outer Lagrange point, L2, prior to the onset of common envelope in systems merging by Roche lobe overflow.
This is the mass loss needed to carry away the orbital angular momentum of the binary. Two estimates of this mass loss are shown, the first,
labeled “Simple” is based on equation (B10), while the second, which is derived from a numerical integration of equation (B11), is labeled
“Numerical". Approximately 10-15% of M2 is needed to drive systems to merger through Roche lobe overflow. This material is trailed off
from the L2 point and expands with radial velocity . 0.25vesc (Shu et al. 1979; Pejcha et al. 2016b,a). This substantial mass loss shapes the
circumbinary environment. The pile-up of slow-moving material might also decelerate less massive but faster shock-driven ejecta from the
onset of common envelope.
through the integration. This numerically derived version of ∆mL2 is slightly higher than the estimate of equation (B10) and is
plotted in the right-hand panels of Figure 8 labeled ‘Numerical’.
Figure 8 shows that the mass loss needed to bring the binary from the point where it begins to shed material to the onset of
common envelope is of order 10% of M2. This calculation makes the assumption that Roche lobe overflow occurs when the
binary reaches a = aL1 . The desynchronization of the orbital motion and the primary’s rotation can substantially suppress mass
transfer in systems that first destabilize through the Darwin instability. Sepinsky et al. (2007) have shown that non-synchronous
systems need to reach closer separations before the effective potential allows material to flow from one Roche lobe to another.
In these systems the initial mass loss might instead come when material is ejected at the onset of common envelope, not through
Roche Lobe overflow.
C. COMPARISON TO OTHER STELLAR-MERGER TRANSIENTS
The similarities of the optical light curve and spectra of M31LRN 2015 to transients like V838 Mon enabled its early identifi-
cation as a stellar merger and triggered the extensive follow-up observations published by Williams et al. (2015) and Kurtenkov
et al. (2015). The class of binary merger transients has grown to contain objects with a range of properties. In this section we
briefly compare of M31LRN 2015 to several recent and well-studied transients which may share similar origin: V1309 Sco, V838
Mon, M101OT2015-1, and NGC4490-OT.
V1309 Sco was a particularly useful detection in defining the class of stellar merger transients because an eclipsing binary with
a decreasing orbital period was observed by the OGLE experiment (Udalski et al. 2008) for nearly a decade prior to the event
(Tylenda et al. 2011). The eclipsing binary has an inferred mass ratio of q≈ 0.1, (Zhu et al. 2016). Eventually, the modulation of
the light curve disappeared and was replaced by a short dimming then steady brightening over approximately 6 months. Pejcha
(2014) have associated this phase with mass loss from the L2 Lagrange point, which is carrying away orbital angular momentum
and driving the binary toward merger as it also obscures the central objects and leads to a growing (and brightening, due to
internal shocks in the mass loss) photosphere. This phase of steady brightening transitions smoothly to an abrupt peak. Nandez
et al. (2014) and Pejcha (2014) both associate this abrupt peak with shocks driven through the outflow at the onset of common
envelope when one star plunges within its companion, and Ivanova et al. (2013a) estimate an ejecta mass ∼ 0.03M. Many
similarities between V1309 Sco’s evolution and the qualitative phases of the M31LRN 2015 outburst present themselves. In
particular, a fast, shock-driven outflow seems likely to drive the light curve peak. However, the characteristic velocities measured
from the Hα FWHM in V1309 Sco (150 km s−1) are only ∼ 40% of the modeled primary-star’s (M1 ≈ 1.5M, R1 ≈ 3.5R)
escape velocity (≈ 400 km s−1) (Nandez et al. 2014). By contrast, for M31LRN 2015, velocities of vej & vesc are observed. In
Section 6, we argued that one possible explanation for these high relative velocities is a comparatively unpolluted circumbinary
environment without substantial L2 mass loss to decelerate the early ejecta – implying different channels to merger for M31 LRN
and V1309 Sco.
V838 Mon’s light curve shows an even more dramatic multiple-component structure than either that of M31LRN 2015 or
V1309 Sco, with at least three individual peaks (e.g. Bond et al. 2003). V838 Mon’s merger generated significantly faster
outflows than V1309 Sco, with velocity∼ 500 km s−1 (Munari et al. 2002). It reaches a very similar peak luminosity to M31LRN
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2015 (Williams et al. 2015). Light echos from the outburst allowed the determination of an accurate distance (Bond et al. 2003;
Munari et al. 2005; Sparks et al. 2008). The system contains a distant B-type companion (Munari et al. 2007; Antonini et al.
2010). However, there remains discussion on the nature of the progenitor, with arguments for a young (main sequence or pre-main
sequence) B-type (5− 10M) primary (Tylenda et al. 2005; Afs¸ar & Bond 2007) or a hotter star that was initially substantially
more massive (∼ 65M, Munari et al. 2005). Recently, Chesneau et al. (2014) and Loebman et al. (2015) have found that a decade
after its original outburst, V838 Mon exhibits a very cool, extended L-type supergiant remnant. The uncertainty surrounding the
nature of the progenitor of V838 Mon makes it difficult to draw firm conclusions about this object’s evolutionary history. Even
so, the light curves show distinctly similar color evolution and duration to that of M31LRN 2015 (as emphasized by Williams
et al. 2015, in their discussion of the light curve), perhaps suggesting similar ejecta masses or hydrodynamics.
Detailed observations and analysis of an extragalactic luminous red nova in M101 (M101 OT2015-1) by Blagorodnova et al.
(2016) and Goranskij et al. (2016) serve as an extremely valuable compliment to the data presented by Williams et al. (2015),
Kurtenkov et al. (2015), and this paper on M31 LRN 2015. Blagorodnova et al. (2016) detect the progenitor system of M101
OT2015-1 in multicolor imaging spanning 15 years. These data reveal a L1 ≈ 2.6×105L progenitor with Teff,1 ≈ 6600 K, and
R1 ≈ 220R – implying a mass ∼ 18M (see Section 3.3 of Blagorodnova et al. 2016, for details). This places the progenitor
in a portion of the HR diagram where it is expanding across the Hertzsprung gap. Interestingly, and in parallel with V838
Mon, the transient appears to have two peaks separated by ∼ 100 d. Not much data is available for the first peak (the object
was behind the Sun) but the second peak is well covered with extensive photometric and spectroscopic data. The bolometric
lightcurve, Blagorodnova et al. (2016)’s Figure 8, shows significant similarity to M31 LRN 2015 with a peak followed by
plateau morphology. The photosphere expands (at first peak), recedes, the expands again toward the second peak and a plateau
phase (this second expansion velocity is ≈ 115 km s−1). The Hα line profiles in M101 OT2015-1 are complex and intriguing.
The overall profile is broad with FWHM ∼ 500 km s−1, and the profile also shows evidence for a component blueshifted by
500 km s−1 which transitions from absorption during the peak to emission during the plateau (Blagorodnova et al. (2016)’s Figure
6). The comparison of these line profiles to the primary’s escape velocity (≈ 180 km s−1) reveals high ejecta velocities relative
to the system escape velocity, much like M31 LRN 2015. The plateau phase of the bolometric lightcurve has a duration of
∼ 100− 200 d. If we apply the scaling of equation (A6), we find an ejecta mass of 1− 10M, which could indicate that a large
fraction of the envelope mass was ejected in this event.
The properties of NGC 4490-OT were recently presented by Smith et al. (2016), who emphasize the similarity of this event in
color evolution and light curve structure to other stellar-merger transients – and its distinction from the supernova 2008S-class
intermediate luminosity optical transients. The optical transient is significantly brighter than the others mentioned here, peaking
at MR∼ −14.2, and the duration is∼ 200 days. The radiated energy during this time is 1.5×1048 erg, or approximately 2 orders of
magnitude larger than that of M31LRN 2015. The scalings of Section 2.3.1 suggest that the ejection of several solar masses would
reproduce these timescales and energetics given the ejecta velocities of several hundred km s−1. Similar considerations (along
with spectroscopic similarities to V838 Mon) lead Smith et al. (2016) to suggest that NGC 4490-OT could be the massive star
equivalent of the stellar-merger transients mentioned previously. Indeed, the detection of a progenitor (though single-color) point
toward a massive, late B-type star of∼ 30M. With a major portion of the lightcurve missing while the transient was obscured by
the sun it is difficult to estimate an ejecta mass. However, even if the ejecta mass was a large fraction of the envelope, hydrogen
recombination could play a major role in the radiated energetics, as indicated by equation (7) and Ivanova et al. (2013a, 2015),
but the full transient luminosity and radiated energy remain difficult to explain (under simplistic assumptions) by ∼ 1 order of
magnitude.
Some diversity in these events should absolutely be expected. After all, with two (or more) stars in a stellar multiple system,
there are innumerable combinations of stellar mass and type that could be achieved at the onset of merger. It is interesting to note
that the range of masses estimated for progenitor stars involved in driving merger-transients spans a huge range – from sources
with primaries near a solar mass to those with massive stars. Kochanek et al. (2014) have noted from this evidence that the peak
luminosity of merger transients scales steeply with progenitor mass, perhaps exchanging with the stellar initial mass function to
make transients similarly observable across a wide range in progenitor masses. If this trend in the data continues to hold, it will
allow us to probe the binary evolution of a range of both low-mass and massive stars.
